The algicidal bacterium Pseudomonas aeruginosa ACB3 effectively inhibited the growth and maximum quantum efficiency (Fv/ Fm) of unicellular Microcystis strains, but hardly inhibited the growth and Fv/ Fm of colonial Microcystis strains. Interestingly, bacterium ACB3 decreased the colony size of Microcystis. Considering that Microcystis occurs mainly as colonial aggregates in nature, our results will help understand the role of algicidal bacteria in affecting the growth of Microcystis.
Many bacteria capable of inhibiting growth of unicellular Microcystis or lysing unicellular Microcystis, such as Pseudomonas sp. and Alcaligenes denitrificans, have been reported in the literature and have been thought to play an important role in affecting the growth of Microcystis spp. in nature (Manage et al., 2000; Gassara et al., 2012; Kang et al., 2012) . Although the abundance of lytic bacteria has been found to be correlated with that of cyanobacterial populations dominated by Microcystis in lakes, it can not be determined that these lytic bacteria have a major role in the decline of the cyanobacterial biomass (Fallon and Brock, 1979; Zhang et al., 2012) . Additional studies are required to further define the role of algicidal bacteria in nature. It is already known that Microcystis exists mainly as single cells during long-term storage and cultivation under laboratory conditions, while it occurs mainly as colonial aggregates constrained by an amorphous mucilage or sheath under natural conditions . Colony formation is very important for the competitive advantage of Microcystis over other phytoplankton species. It is suggested that formation of Microcystis colonies is helpful to vertical migration and defense against predation pressure (Fulton and Paerl, 1987) . Also, recent studies indicate that colonial Microcystis possesses higher affinity for low level of phosphorus and has a protective effect on cells by reducing the occurrence of photoinhibition under high light intensities compared with unicellular Microcystis (Shen and Song, 2007; Wu et al., 2011) . However, little is known about the effect of algicidal bacteria on colonial Microcystis strains up to now. Therefore, in order to further understand the role of algicidal bacteria in affecting the growth of Microcystis and the development of cyanobacterial bloom, it is essential to assess their algicidal activities on colonial Microcystis strains. The aim of this article is to compare the sensitivities of colonial and unicellular Microcystis strains to an algicidal bacterium.
The unicellular Microcystis wesenbergii strains FACHB 908 and FACHB 929, Microcystis aeruginosa strains FACHB 924 and FACHB 912 and Microcystis flos-aquae strain FACHB 1028 were obtained from the Freshwater Algae Culture Collection of the Institute of Hydrobiology, Chinese Academy of Sciences. The colonial M. wesenbergii strains MW1 and MW2, M. aeruginosa strain MA2 and M. flos-aquae strain MF2 were isolated from Lake Taihu of China in June 2008. Morphological classification of colonial Microcystis strains was conducted according to Hu and Wei (Hu and Wei, 2006) and Yu et al. (Yu et al., 2007) . All strains were grown at 258C in BG11 medium. A light intensity of 64 mmol photons m 22 s 21 was provided by cool-white fluorescent lamps on a 12:12 h light: dark cycle. Cultures were shaken manually three times per day.
The algicidal bacterium was isolated from Lake Taihu, China, during the bloom period of 2007. The bacterium strain ACB3 forming a clear inhibition zone on an algal lawn containing M. aeruginosa FACHB 912 was selected as the algicidal bacterium (Choi et al., 2005) . The isolated bacterium strain ACB3 was cultured in nutrient medium ( pH 7.2) containing 10 g L 21 peptone, 5 g L 21 NaCl and 5 g L 21 beef extract at 378C. For molecular identification, genomic DNA of bacterial strain ACB3 was extracted using the potassium xanthogenate sodium dodecyl sulfate method (Tillett and Neilan, 2000) . 16S rRNA gene was amplified using the universal primer set 27F (5 0 -AGAGTTTGATCCTGGC TCAG-3 0 ) and 1492R (5 0 -TACGGCTACCTTGTTACG ACTT-3 0 ) (Lane, 1991) . The nucleotide sequence of the PCR product was sequenced by Sangon Biotech (Shanghai) and deposited in GenBank under accession number EU784954. The closest relative was determined by comparison to 16S rRNA genes in the GenBank database using BLAST.
Exponential phase bacterium ACB3 cultivated in liquid nutrient medium at 378C was harvested by centrifugation, then rinsed and re-suspended in BG11 medium. Bacterial abundance was determined by flow cytometry (BD FACSVantage SE, USA) (Sincock and Robinson, 2001) . After inoculation with the exponential phase Microcystis culture in fresh BG11 medium, 30 mL Microcystis culture was cultivated in a 50 mL flask. The inoculation cell densities of unicellular Microcystis strains were in the range of 1.55 -5.17 Â 10 6 cells mL
21
, and those of colonial Microcystis strains were in the range of 0.55 -1.13 Â 10 6 cells mL
. Bacterial suspension was then added to the Microcystis culture with a final bacterial concentration of about 1 Â 10 7 cells mL 21 . The control without addition of bacterial suspension was performed at the same time. All treated and control cultures were grown under the conditions mentioned above for 6 days. Microcystis cell density of each culture was measured every day using a hemocytometer under a Nikon microscope (Eclipse E100, Nikon, Japan). Prior to counting, colonial Microcystis strains were disintegrated by ultrasonication, using an ultrasonic crusher (JY92-IIN, Scientiz, China). Algicidal activity was calculated using the following equation: Algicidal activity (%) ¼ [(final cell number of the control 2 final cell number of the treatment)/final cell number of the control] Â 100, and expressed as the average of triplicate experiments. All the experiments were performed in triplicate.
At the end of the experiment, Microcystis colonial morphology was also observed under the microscope. The colony was pressed into a thin-cake shape with a glass slide and cover slip. The surface area of the colony was used as an indicator for its volume and measured by a micrometer (equal to combined areas after measuring the two longest dimensions for all colonial lobes) (Wilson et al., 2006) . More than 50 colonies from each 6-day colonial Microcystis culture were measured.
Chlorophyll fluorescence analysis was performed every day using a phytoplankton analyzer (PHYTO-PAM, Walz GmbH, Germany). Microcystis cells (1 mL) were dark-adapted for 30 min before measuring the maximal PSII quantum yield Fv/Fm. The minimal fluorescence yield (Fo) was measured at low light frequency, whereas the maximal fluorescence yield (Fm) was determined after exposure to saturated flashlight (up to 4000 mmol photons m 22 s 21 ). The maximal PSII quantum yield (Fv/Fm) was estimated as the ratio of the variable fluorescence yield (Fv ¼ Fm 2 Fo) to the maximal fluorescence yield Fm (Schreiber et al., 1994) .
BLAST result showed that the 16S rDNA sequence of bacterium ACB3 was identical to that of Pseudomonas aeruginosa already in the GenBank database (100% similarity). Pseudomonas aeruginosa is an algicidal bacterium previously reported many times (Dakhama et al., 1993; Wang et al., 2005; Gustafsson et al., 2009; Kang et al., 2012) . Bacterium ACB3 exhibited a marked inhibitory effect on the growth and Fv/Fm of each unicellular Microcystis strain during the 6-day test period (Table I and Fig. S1 ). The algicidal activity of bacterium ACB3 on unicellular strain was high (82.6 -97.5%). The Fv/Fm ratio of each treated unicellular strain was largely reduced by 67.1-98.7%, suggesting that photosystem II was a possible target of P. aeruginosa. For colonial Microcystis strains, the algicidal activity of bacterium ACB3 was very low (Table I and Fig. S2 ). Bacterium ACB3 slightly inhibited the growth of M. wesenbergii MW1, and did not obviously affect the growth of M. aeruginosa MA2. On the contrary, the growth of colonial strains M. wesenbergii MW2 and M. flos-aquae MF2 was slightly promoted by bacterium ACB3. The inhibitory effects of bacterium ACB3 on Fv/ Fm of colonial Microcystis strains were also very low (Table I) . The above data indicate that the colonial Microcystis strains were less sensitive to bacterium ACB3 than the unicellular Microcystis strains. Similarly, colonial Microcystis strains under copper stress have a much higher percentage of viable cells, antioxidative enzyme activities and photosynthetic activities than unicellular Microcystis strains (Wu et al., 2007) . Moreover, inhibition of rice hull crude extracts on the growth of colonial M. aeruginosa was much weaker than that on unicellular M. aeruginosa (Park et al., 2009 ).
Zhang et al. (Zhang et al., 2012) reported the copy numbers of 16S rRNA genes of Microcystis and the algicidal bacterium P. aeruginosa (5.9 Â 10 3 23.4 Â 10 5 and 7.0 Â 10 2 23.2 Â 10 4 copies mL
, respectively) in Lake Taihu from December 2007 to November 2008. Considering that Microcystis occurs mainly as colonial aggregates in nature, the ratio of cell density of the algicidal bacterium P. aeruginosa to cell density of unicellular Microcystis in Lake Taihu could be higher than that used in this study, while the ratio for colonial Microcystis could be lower than that used in this study. Because the algicidal activity increases with the increase of the ratio of cell density of the algicidal bacterium to Microcystis cell density (Kang et al., 2012) , the bacterium P. aeruginosa could show high algicidal activity against unicellular Microcystis, and show low algicidal activity against colonial Microcystis in Lake Taihu. This suggests that the effect of the algicidal activity of bacteria on Microcystis growth in nature might be not as strong as that suggested in previous studies because Microcystis occurs mainly in the colonial form in nature. On the other hand, the low sensitivity of algicidal bacterium to colonial Microcystis might be one of the selective advantages of colonial Microcystis over unicellular Microcystis in nature.
The polysaccharide sheath of colonial Microcystis cells is thicker than that of single cells . This thick sheath might form a barrier against algicidal bacterium, resulting in the lower sensitivity of colonial Microcystis. In addition, in accordance with a previous report , judged from the maximal PSII quantum yield of each strain in control cultures measured every day throughout the 6-day test period, colonial Microcystis strains showed higher Fv/Fm ratios than unicellular Microcystis strains (Fig. 1) . During the experimental period, the Fv/Fm ratios of colonial strains MW1, MW2, MA2 and MF2 were in the range of 0.48-0.65, Table I : Algicidal activities of bacterium ACB3 on Microcystis strains and the decrease of the maximal PSII quantum yield (Fv/Fm) of Microcystis strains treated with bacterium ACB3 compared to the control after 6 days of incubation. (Maxwell and Johnson, 2000) . The higher Fv/ Fm ratios of colonial Microcystis strains thus reflected their higher potential photosynthetic activity. Furthermore, colonial Microcystis strains have been found to have greater inorganic carbon affinity . We speculate that these physiological advantages might be related to their higher resistance against algicidal activity and their lower sensitivity to the algicidal bacterium P. aeruginosa ACB3. However, further study is needed to understand the mechanisms underlying high resistance of colonial Microcystis against the algicidal bacterium.
Although bacterium ACB3 had no strong effects on the proliferation of colonial strains, it significantly affected their colony size (Fig. 2) . On day 6, the average colony surface areas of colonial strains (MA2, MW1, MW2 and MF2) with treatment were 3.2, 26.1, 29.7 and 49.7% of their controls, respectively. Colony formation of Microcystis is helpful to vertical migration and defense against predation pressure, growth at low level of phosphorus and protection against photoinhibition under high light intensities (Fulton and Paerl, 1987; Shen and Song, 2007; Wu et al., 2011) , and thus is very important for the competitive advantage of Microcystis over other phytoplankton species. The abundance of lytic bacteria has been found to be correlated with that of cyanobacterial populations dominated by Microcystis in lakes, and both increase to peak values during summer (Fallon and Brock, 1979; Zhang et al., 2012) . It is worth studying the effect of algicidal bacterium on the competitive advantage of Microcystis through inducing the decrease in colony size.
The results presented in this study are the first to demonstrate that colonial Microcystis strains are less sensitive to algicidal bacterium than unicellular Microcystis strains, and algicidal bacterium is able to decrease the colony size of Microcystis. The data obtained in this study will help understand the potential role of algicidal bacteria in affecting the growth of Microcystis in nature.
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